CASC2D model is a widely used event-based hydrologic model to simulate rainfall-runoff and sediment transports, but it is challenge for this Hortonian overland flow based model to simulate hydrologic processes in forested catchments. In this study, CASC2D model was improved for continuous simulation in forested catchments by considering evapotranspiration, subsurface flow, groundwater storage, and modifying infiltration and interception methods. The model was applied to the Kuchibuto River catchment, Fukushima Prefecture. Four storm events in 2011 and seven events in 2012 were selected for model calibration and verification, respectively. Simulated hydrographs showed a good agreement with those of observed. Comparing with original CASC2D model, modified model significantly improved accuracy of simulation due to the inclusion of subsurface flow and groundwater storage processes and modified infiltration constraint condition.
Introduction
Tohoku earthquake on 11 March 2011 and the explosion of the Fukushima Daiichi Nuclear Power Plant has induced serious regional environmental problems and drawn much attention not only on a local level but worldwide. A huge mass of radioactive substances were scattered and deposited onto ground and vegetated surfaces, and they tend to be absorbed by fine soil particles on top soil layer. Water system is a vital driving force for radioactive substances migrating from one place to another. Among various processes involved in the water cycle in catchments, rainfall-runoff is the most influential processes for the migration of radioactive materials. Therefore, it is important to understand the transport and fate of radioactive substances along with this process.
Hydrological models are able to trace the water flow in rainfall-runoff events, and enable to estimate the transport of radioactive substances following various relevant processes and pathways by including a transport model of substances. Different types of hydrological models, from lumped conceptual models to more sophisticated distributed hydrological models, have been widely used to simulate rainfall-runoff and associated processes. TOPMODEL 1) , Tank model 2) , SWAT model 3) , DHSVM model 4) , WEP model 5) and CASC2D model 6) are the examples. However, models available for the purpose of our environmental study are very limited. We need to know not only the total amount of contaminants flowing into rivers, but also where the contaminants come from and how they are redistributed. The CASC2D model can satisfy our requirements for studying hydrological transport of radioactive substances.
The CASC2D model is an event-based rainfall-runoff model with features such as spatially distributed modeling approach, two-dimensional flow routing, well compatibility with GIS data, and capability to simulate sediment erosion and transport. The model is widely used in flood forecasting 7), 8) , soil erosion 9) , and analysis of contaminant transport and fate 10) . Current CASC2D model combines surface hydrology and sediment transport with chemical transport features from the WASP/IPX series of water quality models. Additionally, 1D model usually assumes the steepest slope direction is flow direction, while, in CASC2D model, water flow can be 4 directions, so, the pathway of water flow and substance transport is more flexible. Comparing with other models used in Japan, those are advantages to use this model for the study of watershed-scale migration of radioactive substances.
However, in humid forested catchments, due to high infiltration rate of the top soil, Hortonian overland flow (HOF) rarely generates. So, it is challenge for CASC2D model, which is a HOF based model, to simulate hydrologic processes in forested catchments, especially where soils with high infiltration capacity is prevailing. Thus, the main objective of this study is to improve CASC2D model to enable us to study the migration of radioactive substance along with sediments in such forested catchments while taking a full advantage of features of CASC2D. This paper explains improvements of CASC2D and the result of application of the improved model to a small forested catchment in the Fukushima Prefecture, where large areas have been contaminated by radioactive Cesium.
Model description
The latest version of CASC2D model is called TREX model 10) , which is modified in this study. The CASC2D model includes precipitation, interception, infiltration, overland and channel flow components. As Fig.1 shows, we improved this model by considering subsurface flow in a top soil layer, and change of soil moisture due to the water movement in the ground and from the surface soil. Infiltration and interception parts are also modified. The modified parts will be described in following sections.
(1)Canopy interception The intercepted water is subtracted from the rainfall/snowfall before infiltration is calculated. The original model gives an interception depth depending on land use type. Canopy interception depends strongly on vegetation type and stage of development, which can be characterized by the leaf area index (LAI) 11) . We use the method developed by Von Hoyningen-Huene 12) to calculate the maximum canopy storage capacity (S max c ), which is considered as interception depth.
Evapotranspiration is calculated to update top soil moisture timely, which is an initial condition of infiltration. In this study, evapotranspiration is estimated by FAO Penman-Monteith method, which takes grass as a reference, and uses the formula of the reference evapotranspiration (ET 0 ) 13), 14) : For hourly time step simulation, C n =37, and C d =0.24 and 0.96 during daytime and nighttime, respectively. We assumes that evapotranspiration occurs from vegetated and non-vegetated surface (bare land, and water surface), following the formulation described below.
a) Evapotranspiration from vegetated surface
Potential evapotranspiration rate from vegetated surface (etp1) is given by:
where, etp1 is potential evapotranspiration rate from vegetation (m/s), kv is fraction of vegetation in each cell; kl is relative leaf area index, which is a ratio of LAI and maximum LAI in one year; kc is crop coefficient, which is related to vegetation types, growing season, agricultural practices, etc. FAO provides tabulated kc values of different vegetation types in different seasons. In this study, for simplicity, we divided the period of vegetation growth into two stages -growing season (from April to October) and non-growing season, and three dominant vegetation types -tree, grass and paddy are considered. For tree, grass and paddy, kc are set to 1.2, 1.0, 1.1 in growing season, and 0.9, 0.3, 0.3 in non-growing season, respectively. 
where, Sc is water stored in canopy (m), kr is coefficient related to soil characteristic. Total amount of evapotranspiration ET is the sum of evapotranspiration from canopy and overland surface stored water (ET c and ET s ) and evaporation from soil (etr1 and etr2). Soil water content is reduced by the sum of etr1 and etr2.
(3)Infiltration
Infiltration is simulated by a single-layer Green-Ampt infiltration model, which assumes that soil profile is vertically homogeneous. In the model, one of constraint conditions of infiltration is if water depth is less than potential infiltration capacity, actual infiltration rate will be equal to water depth divided by time. Because of well-developed drainage system in mountain catchments, we modify constraint condition as:
where, f is infiltration rate (m/s), i n is net rainfall/snowfall intensity(m/s),
(4)Overland and channel flows
Overland and channel flow routing are two-dimensional and one-dimensional, respectively.
(5)Subsurface flow in top soil
In forested mountains, subsurface flow can be significant while preferential flow is very common, especially in top soil root zone. In this study, we calculate lateral subsurface flow and vertical flow in the top soil.
Lateral subsurface flow is calculated by a simple kinematic storage model 15) . The water balance in soil layer is expressed as: According to Darcy's law, the lateral flow rate is determined as: ; SW e is drainable volume of water in the soil layer. cl is adjustable coefficient of lateral flow rate (dimensionless).
Because of porosity of the soil and characteristic of drainage system in hillslope, efficient lateral hydraulic conductivity is usually bigger than measured saturated hydraulic conductivity (K s ) from the small-scale soil matrix 16 ), 17) . Furthermore, because of micro-relief in hillslope, real slope angle sometimes is bigger than the grid-based computed slope angle α. In this study, we set K as equal to K s , and α was calculated from grid-averaged elevation data. cl was calibrated with K s and α kept unchanged.
Similar to overland flow, subsurface flow is routed in two directions. The outflow of subsurface water returns to the overland, and joins the overland flow.
Vertical water percolation from topsoil to underlying soil and aquifer layers is calculated using storage routing method, which is used in SWAT model The whole catchment is divided into several sub-watersheds. The groundwater flow joins the channel flow at the outlet of each sub-watershed.
Study area and data
The study area is the Kuchibuto River catchment, a sub-tributary catchment in the Abukuma River watershed. Area of the Kuchibuto River catchment is about 138 km 2 . The stream network link is delineated from SRTM based 90m DEM with the help of ArcGIS (Fig. 2) . Radar precipitation data from Japan Meteorological Agency (JMA) was used in this study. Soil and land use data are from Ministry of Land, Infrastructure, Transport and Tourism (MLIT). Four natural soil types, i.e., Kuroboku soil, granitic soil, lowland soil, and gley soil, evolved mainly from their parent material -granite. Additionally, as a result of industrial and agricultural activities, the properties of natural soil have been altered. So, other three soil types are introduced in our classification of the top soil considering the actual land use, i.e., sealed soil, where the land use types mainly are residual, road, etc., paddy soil, and cropland soil. Land use and soil properties have been measured and used by previous study 19) . Soil properties that used in this study are listed in Table 1 . As plough layer exists, the vertical variability of soil properties of paddy and cropland soil is significant. Therefore, the thickness of topsoil for paddy and cropland soil is assumed to be less than that of other soil types. Forest is the dominant land use type, which accounts for 61.22%. LAI, which is determined by land use and season, ranges from 0.01 to 6.0.
Results and discussion
Four flood events in 2011 were selected to calibrate the model. As previous studies have already tested Manning's n and saturated hydraulic conductivity (K s ), this study mainly focus on parameters we newly introduced. From our preliminary simulations, we found that cl and cv are sensitive and need to be well calibrated. We used "basin-wide multipliers" to adjust these parameters 20) . 0.5, 0.75, 1.0, 1.25, 1.50 were selected for the multipliers of cv, and 10, 15, 20, 25, 30 for multipliers of cl. So, there are 25 combinations need to be compared. Performances of each parameter setting were compared by Nash-Sutcliffe efficiency (NSE) averaged for four events (Fig. 3) . The figure shows that maximum NSE is obtained when cv = 1. 0 and cl = 20, which means lateral saturated hydraulic conductivity (K s ) and slope angle (α) need to be multiplied by 20. The combination gave reasonable results of hydrographs for four events (Fig. 4) . Hereafter, we used this combination in further simulations. In Fig. 4 , the results that were simulated using original CASC2D model with the same parameters are also plotted. This indicates that improved model is superior to the original model, mainly because of the inclusion of subsurface and groundwater flow processes, and modification of infiltration constraint condition. Furthermore, we take the event 19 
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without modification of infiltration constraint condition, simulated total flow volume is 3.70×10 6 m 3 . Considering both of them, simulated total flow volume by the modified model is 6.86×10 6 m 3 . Seven flood events in 2012 were simulated to verify the model performance (Fig. 5) . A good agreement between simulated and observed flow rate was found from NSE values and hydrographs shown in Fig.5 . Event starting from 3 April 2012 and 23 July 2012 were overestimated. Although, reasons why this error occurred are still uncertain, in general, the modified model can simulate hydrological process well in Kuchibuto River catchment.
Summary and Conclusion
In this study, CASC2D model was improved by taking subsurface flow, groundwater flow, and evapotranspiration into account, and applied to the Kuchibuto River catchment, Fukushima Prefecture, Japan. Lateral and vertical subsurface flows were calculated by a simple kinematic storage model and a storage routing method, respectively. A linear reservoir method was employed to calculate groundwater flow. Evapotranspiration was estimated by FAO Penman-Monteith method. Infiltration and interception parts also are modified.
Four events in 2011 and seven events in 2012 were selected to calibrate and verify the model, respectively. With an appropriate parameter setting, the improved CASC2D model gave better results of hydrographs than those from original CASC2D. The improved CASC2D model will be further used to study the transport of eroded sediments and radioactive substances in this catchment.
